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0 interferometer. 



0 An an all optical fibre Interferometer is formed 
from an optical fibre Mach-Zehnder interferometer 
(25) whose output ports (18,20) are coupled by ari 
optical fibre loop (20) which relaunches any optical 
signal output from either of the output ports (18,20) 
into a respective one of the output ports (20.18). A 
piezo-electric stretcher 28 Is used to adjust the 
length of the arm (22) relative to the other annr^ (24) 
In response to a measurand. The interferometer out* 
puts at port 1 an ihtereferehce signal dependant on 
the relative optical path length ofthe arms (22,24) 
allowing a measurand to be monitored via the same 
Vfport 1 as the input optical signal 1^ is coupled. This 
^allows remote sensing via a single optical fibre coup- 
on led to port 1. The Interferometer also finds applica- 
^tion as a reflection modulator as a variable reflectiv* 
^ ity minror and Q-switch for a fibre laser. 
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INTERFEROMETER 



This Invention relates to interferometers. 

One well known interferometer is the Mach- 
Zehnder interferometer In which an optical splitter 
splits an -optica) singal Into two portions which 
propagate along distinct optical paths to an optical 
combiner. The relative phase difference between 
the two portions at the combiner can be monitored 
by allowing them to interfere and measuring the 
intensity of the resultant optical signal. The relative 
phase difference depends on the difference be- 
tween the two optical path lengths. Such an inter- 
ferometer can be used as a sensor or as a modula- 
tor by including means for altering the difference in 
optical path length between the two arms in re- 
sponse to a change in a measurand or modulating 
signal. An example is disclosed in a review article 
entitled "Optical Fibre Sensor Technology." lEE 
Transactions on Microwave Theory and Techniques 
Vol MTT-30 No.4 April 1982 pp473 • 480 by Gial- 
' lorenzi et al. 

A disadvantage of kifK>wn Mach-Zehnder inter- 
ferometers when used as sensors Is that the inter- 
fering portions have to be monitored at an output 
port which is seperated from the input port If it is 
necessary to monitor the condition of interfero- 
meter from a distance an optical waveguide, for 
example an optical fibre, needs to be coupled to 
the output to allow propagation of the optical por- 
tions back to the nionitbr. This can involve large 
amounts of fibre if the sensor is positioned re- 
motely. 

Ih this specification the term "optical" is In- 
•terujed to refer to that part of the electromagnetic 
spectrum which is generally known as tHe visidle " 
-fegiqn together with those parts of the Infra-red and 
ultraviolet regions at each end of the visible region 
which are capable for example of being transmitted 
by dielectric optical waveguides such as optical 
fibres. 

According to the present Invention an. inter- 
terometar comprises an optical splitter having at 
least one Input port and two optical splitter output 
ports; an optical combiner having two optical com- 
biner input ports and two outputs ports; a first and 
a second optical arm each optically coupling a 
respective one of optic^ splitter output ports with 
one of the optical; 'combiner input ports; and ah 
adjustment means for changing the optical path 
length of one arm relative to the other; charac- 
terised In including relaunching means for relaun- 
ching any optical signal output from either of the 
corhbiner output ports into a respective one of the 
combiner output ports, * ' 

The signals exiting the combiner output ports 
which are produced as a result of an input signal 



being launched into an input port of the optical 
splitter (as in known Mach-Zehnder interfero- 
meters) will be relaunched into the optical com- 
biner output ports and will thereby undergo a sec- 
5 ond transit through the Mach-Zehnder portion of 
the interferometer. 

The optical splitter now acts as an optical com- 
biner for the optical signals that have propagated 
back along the Interferometer arms. These signals 
70 interfere. As will be explained in more detail later 
the resultant interference signal changes with the 
relative optical path length of the two arms t)ut in 
this case the interference signal leaves the inter- 
ferometer from the Input port into which the original 
15 input optical signal was coupled can be monitored. 
The reflected signal can therefore propagate 
. .back to the monitor station along the same optical 
waveguide which supplies the optical signal to the 
optical splitter. That part of the signal emerging 
20 from the input port into which the input signal was 
launched is by convention termed the reflected 
signal, and that emerging from the other input port 
if there is one (for example when the splitter, is. a 
four port fused fibre coupler) is termed the trans- 
25 mitted signal! 

The Mach-Zehnder portion of the interfero- 
meter may be formed from bulk optic components 
comprising a first and a second beam splitter, and 
a first and a second mirror in known nrianner. Light 
30 entering the device is split into a first and a second 
portion by the first beam splitter, the portions each 
follow a separate optical path to the optical com- 
biner, for example one defined by the first and 
second mirror respectively, the other being a 
95 straight optical patin, where they reconibine to pro- 
duce first and second output interference signals at 
a first and second output port. 

The relaunching means of the present iiwen- 
tion used with such a bulk optic Mach-Zehnder 
40 interferometer may conriprise two mirrdrs posi- 
tioried such that the output signal from tiie first 
output port of the Mach-Zehnder interferometer is 
incident on a third nmirror, and then on a fourth 
mirror and finally is relaunched into ttie Maich- 
45 Zehnder interferometer via the second input port. 
An output signal from the second input port will be 
incident on first the second mirror and ttien onthe 
first mirror to be relaunched into the Mach-Zehnder 
interferometer via the first Input port. Alternatively 
50 the third ' and fourth mirrors may be arranged to 
relaunch light from each output t>ack into the same 
output - . 

A particularly convenient form of the interfero- 
meter Is formed by a pair of 4-port optical couplers 
optically coupled by a pair of optical waveguides. 
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for example optical flbredPWcih constitute the op- 
tical arms, the mearts tor relaunching comprising a 
looped optical waveguide fomned between the first 
and second output ports of the Mach-Zehnder In- 
. terferometer. Such a device may be formed from a 
single length of fibre, is robust and does not suffer 
frorn any of the alignment problems which would 
:.be incurred the device were made either entirely, 
or partially from bulk optics. 

The present invention may also be formed 
from planar waveguides, for example formed in a 
UNbOa substrate. In such an embodiment the op- 
tical splitter may have a single Input. 
; \ The device is employable as a sensor by ar- 
^ranging for the adjustment means to be sensitive to 
; the quantity to be measured, for example by me- 
chanical stretching dye to Incident vibrations or by 
;;an. electro-optical effect. 

^ It will be appreciated that the invention is ap- 
plicable to Mach-Zehnder interferometers in gen- 
eral and is not limited to' specific types of splitters, 
combiners or relaunching means nor specific ad- 
justment means for changing the optical path 
length of one amni relative to the other that may be 
mentioned by way of specific example; 

The present invention can find applications oth- 
er than as a sensor by using of the property that 
the reflected signal can be modulated by the ad- 
justment means. For example, the interferometer 
can be used as a variable output reflector for, or to 
' provide Q-swItched operation of a fibre laser. 

Embodiments of the Invention will now be de- 
scribed by way of ekampte only with reference to 
. the .following diagrams in which: 

Figure 1 Is a schematic representation of an 
optical fibre interferometer according to the present 
invention; 

Rgure 2 is a schematic representation of a 
bulic optical interferometer according to the present 
invention; 

Figure 3 is a schematic representation of an 
experimental anwgement used to characterise the 
embodiment of Rgure 1; 

Rgure 4 Is a graph of transmitted and re* 
fleeted output intensity of the embodiment of Fig* 
ure3;and 

Rgure 5 is a schematic representation of a 
fibre laser having an interferometer according to 
the present invention as one of the laser min'ors. 

Referring to Rgure 1 an optical fibre Inter- 
ferometer comprises an optical splitter 3 having 
input ports 1 and 2 and optical splitter output ports 
8 and 10. an optical combiner 12 having optical 
combiner input ports 14 and 16 and output ports 
18 and 20. the pairs of ports 8 and 14, and 10 and 
16 being optically couplbd by arms 22 and 24 
respectively to form a Mach*Zehnder Interfero- 
meter 25. and ports 18 and 20 coupled by the loop 



26 constituting W^relaunching means. The device 
was formed from a single, single-mode optical fi- 
bre, the splitter 3 and combiner 12 being fused 
tapered couplers imade in known manner. Other 
5 couplers may be employed., for example polished 
optlcar couplers or optical waveguide bouplers if 
the invention is implemented fbr example in a 
LiNbbs substrate. ' 

A piezchelectric stretcher 27 can be actuated to 
10 change the optical path lengtti of one arm 22 
relative to the other 24. Other devices capable of 
so changing the relative optical path lengtti of the 
arms 22 and 24 may l» used instead. 

Refemng to Figure 2, the bulk optics equivalent 
TS to figure 1 is. shown, equivalent features being 
. indicated by the same numerals primed. An optical 
splitter and! combiner * 3', 12 . are formed by half 
. .mirror beam splitters, Mie arms 22'^ and 24 t)einq 
defined by full mirrors 22' A. and 24'a and loop 28 
20 by full mirrors 26'a and 28'b. The optical path 
length is adjustable by rheans of the movable 
. prism 28*. 

A methodology for setting up equatioris- tp. djBf 
scrit^si optical fibre interferometers of arbitrary com- 
26 plexlty, Which involve ' directional coupiers, has 
.. been described in ah article by P.Urquhart, Applied 
Optics Vol 26 (1987) 456. Using this approach, a 
set of linear equations can be set up which estab- 
lishes the relationships between the cpmpphente of 
30 the complex etectric field propagating in l)dth direc- 
tions at the points of the device which are imme- 
diately adjacent to the couplers. There are as many 
equations as there are unknown quantities, which in 
the present case is sixteen. This formalism gives 
35 the same results as the method which relies on 
summation of field components which describe the 
various pathways through the structure but is more 
suitable for use with complicated structures. In 
analysing the interferometer of the present inyen- 
40 tion it is assumed that the state of polarisation 
remains constant throughout the device. In practice 
it was found that pdiarisatibn control was neceis- 
sary. This can be achieved by any one* of the 
following: (a) appropriate adjuistment df the Be of 
46 the optical fibre, (b) using polarisaton controllers, 
c) using polarising misuhtaining fibres au^d polarisa- 
tion couplers. ' / . 

it is assumed and 71 arei the Ihteh^ty bdii- 
pling ratio and the ci:>upiihg loss risspectively, df tlie 
so splitter 2 and combiner 12. where i « 1 or i for the 
fibre couplers constituting the splitter and combiner 
respectively. Ttie tengttis of ttie arms 22 and 24 
and loop 20 are ji. I2 and hi The (field) loss and 
propagation con^t aire a arid fi, respectively: fi is 
56 given by ' ' 

^ = 2im^ 0) ■ 

where n^ is the effective fibre refractive index and X 

is the free space wavelength. 
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When solved simuRaneously the Initial equa- 
tions give solutions for the outputs at ports 1 and 2. 
The field . solutions are ^nultiplied by their own 
complex conjugates to give two con-esponding out- 
put Intensities. These can be described by a single 
equation In which.the constants take on one pt.two 
forms, depending on .which output port is being 
considered. The intensity response function may 
be expressed as 

^ «/ir = I(A| + 8, CiyMAKB,+C,)sin^.(fi/2)- 
4B,C!Sin2(«)]exp(-2al3). (2) 
where 5 Is the phase .difference between the two 
arms of lengths h and la. and is given by : 

a = fl(lt-la). ^ (3): . ; . ^ 

- The constants are .given by A|. B| and d in 
which i s 1,2 depending upon whether the output 
is from port 1 or 2. 

A, = riti exp (-aOi + b)) (4) . - 
Bi = r2 (l-K,)(l-7i)exp(-2al,) (5) 

Ct -(r2Kt) (hyi)OXp(-2al2) (6) 

A2 - tit^expMh^- l2)K (7) 
Bi = •rvr2exp{-2ati)/2 (8) 
C2 rir2exp(-2ol2)/5! (9) 

The amplitude trarismissivlty and reflectivity 
terms that would apply to a loop reflector made 
from zero loss fibre with coupling ratio Kf and 
coupllrig loss 71 have been identified in the analysis 
and are given by n and ti. respectively. These 
terms are given by the foilbwing equatioris: 
r, = 2K!'2(i.K,r (1^,), (10) 
t, = (1-2K,)(1-7i). (11) 

When the optical path lengths of the arms h 
and I2 are equal, 5 Is zero and equation (2) be^ 
tomes 

1^ *«/ir = (A, + B, + C,)2exp(-2al3). (12) 
Equation (12) is an invariant function with respect 
to £; that is light is merely split unequally between 
the two ports. The device Is then showing loop 
reflector charaictei'lstics. 

Consider now that both couplers have coupling 
ratios of 1/2. The output'then takes on the following 
simple form. 

il? "'/ir = ({B| + - 4B,e,sin2(«)]exp(-2al3) (13) 
It is noteworthy that ti has a small value even 
when K is approximately, but not exactly, equal to 
i/2. It can thus be seen from equations (4) and (7) 
that Ai and Aa are approxirnately zero. Cdnse- 
quehtiyi we would expect that equation (13) would 
atpply to a good approxlniatidh even when the 
coufjiers do not have a splitting ratio of exactly 
50:.50: Such insensttivlty to an Important compo* 
rieht value is to be seen as a desirable feature of 
the present invention. A further feature of equation 
(13) is that we can easily see the effect of tosses in 
armr22, 24 and loop 20, which could arise from 
'making the device from splicing two couplers to- 
gether in three positions. The length-loss products 
ail. which app^ in equations (4) to (9) and (13) 
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can be multiplied by an appropriate scaling (actor. 
The discrete splice loss is thus replaced by an 
equivalent distributed loss in the arm of length ..ii. 
As can be , seen from the constants Bj and .Ci in 
s .. equation (1 3). the effect of splice losses Is to bring . 
about a small reduction in both the peak. oui|)ut • 
Intensity and the depth of modu)atioh,^ / . 

In the. situation where the losses of the fibre' 
and both couplers take on the low values . of f rajc-. 
. 10 tions of a .dB, - which are routinely , a^:hieyabie in ^ 
practice the Intensity equations cart be written ta a 
good approximation In the following f orrn; 
l^«/li" =sln2(a)Jf1. = cos2(6).:i>2; .(14) 
. Equatiori (14) shows that, as required by conserya- 
j5 tlon of energy^ the. sum of the outputs from the . tvyq.. 
.; ports is ..unity. It can also be seen from equation 
(14) that when low loss components are used in 
conjunction > with 50:50 couplers, the light output 
from the two ports is detennlned only by the rela- 
20 tive phase change, 5 associated with the transits in 
' ^ the two arms. 5 depends upon the difference Iri the 
optical path length of the two arms 22 and 24, (h- 
I2) and on the propagation constant, jS^ T^^u?, in 
order to bring about a variation in 5 and hence a 
26 change in the outpirt intensity of the two. arms 
either is or (li-l2) must be varied, there are seveirat 
way is can be achieved in practice. The fibre nriay 
be stretched along its length or a temjaerature 
change made to one of the fibres. Alteriiatively, the 
30 wavelength of the light launched into, thia Inter- 
ferometer can bet adjusted. The present Invention is 
therefore useful as a serisor or reflectipn m(^ulabr 
The experimental arrangement used to bxairi- 
frie the performance of the enibodirhent of the 
S5 present invention shown in Rgure 1 is illustrated in 
Rgure 3. In which the entirie device is rhade from 
standard single mcxfe telecomhiunlcatibris-type op- 
tical fibre with fused-tapered couplers. Those ele- 
ments' in common with the Rgure 1 embbdirhent 
40 are referertced by the same nurherals. The tech- 
nique adopted to scan the relative phase differ- 
ence, 5, was to launch light of a constant 
wavelength into port 1 and to vaiy periodically the 
length of the fibre in amri 22 with the! piezo-electrlc 
45 stretcher 27; Thus stretching the device applied a 
constant phase shift Uneaurly refated to an applied 
voltage ramp, which was in turn synchronised to 
the timebase of an oscitldscope (hot showri). Tinrie 
therefore becomes directly proportion^ to the 
60 phase difference, 5. 

An InQaAsP extemal cavity isemicoriductbr di- 
ode laser 30 which had a' measured b'peratirig 
waveiengtti of 1 .53374um was used to provide the 
input signal. An optical isolator (hot' shown) pre- 
ss vented laser lnstabillties due to reiflected signals, A 
third directional coupler 32 was spliced to the input 
port 1. The launched, transmitted and reflected 
signals were moriitored by positioning detectors 
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D1-03 at three locations Unected to a high reso- 
lution oscilloscope (not shown). Values of the 
lengths h, k and b of the arms 22 and 24 and the 
loop 26 was 0.85rh, 0.95m and 1.10m respectively, 
.^The fused couplers were designed to be 50:50 at 
.1550 nm. Their measured coupling ratios at the 
operating wavelength were Ki «K2 = 0.52*0.01 : Both 
couplers had excess losses of ebpuX 0.05 to 0.1 
dB. The coupler 32 had a splitting ratio of 0.55. 

The experimentally measured transmitted and 
reflected output intensities from, ports 2 and 1, 

\, respectively/ are plbtli^ as a function of relative 
phase change, 6, in figure 4. As can be seen, the 

.1 traces conresppnd , closely, to the ^in^ and cos^ 
. responses required by equation (14), Four cycles 

J. .of /the curves are shown. Even when observation 
was made over a larger number of periods there. 

1^ ' was no evidence of the higher frequency, s\r?{Bl2) 
/ component indicated , in. equation (2). This is to be 
expected because A|. as given by equations (4) 
and (7), is small when kr1/2. The peak values of - 
the measfured transmitted and reflected intensities . 
were 0.53 I'" and 0.26 Ir respectively, where 1^ is 
-the launched Intensity froiti the laiser. The reflated 
peak ihtdnslties ar^ lower in magnitude as they had 
to pass through the input coupler twice before 
detection, the measured values compared welt 
witti the expected values of 0.55 I'" and 0.248 I*" for 
the transmitted and reflected signals, respectively. 
As can be seen from figure 4 there was a tow level . 
of unmodulated signal. The unmodulated through- 
put was measureid to be no more than 0.026 ir 
indicating that despite the fact that couplers 3 and 
12 were not exactly 50:50, a good depth of modu- 
lation could be achiaved. As discussed above this 
is consiistent with the expectation that the response 
should be reasonably insensitive to non-optical 
coupling ratios and the presence of smalt excess 
losses. 

From the calcul^tied variation of output power 
with respect to phase It has shown that a variety of 
output responses is possible. Two responses are of 
particular intei'esl When thia two constituertt-arn>s 
ar^ of equal optical length the device acts as 
frequency indepand&rit reflector. When both of the 
direction couplers have a coupling ratio of 50% the 
dependence of output power frorh tt^e two ports oh 
the reliitivei phase'difference, 5, of the signals in the 
two arms are given slmjily by sin^(5) iid cos^(6). A 
- relative phaise variation can be bi'ought about by a 
variety of means which mearis are well known In 
the art of Mach-Zehndar sensor technology, and 
modulation is thus possible over the full rangis of 
power levels.' The experiment conflnrhed that by 
elongating one of the arms by a few microns the 
sin^(6) and cos'($) response predicted by the cat- 
emulations. An important strength of the present in- 
vention Is th^t nearly full modulation is obtained 



. even when noniPffnal 50% couplers are used. 

Because the reflection modulation depends on 
a relative phase difference between tiie two arms 
' of the interferometer, the frequency of oscillation 
6 can be as great as the modulation' of the phase in 
one arrh. This is a .significant advantage over a 
single optical fibre loop Sagnaic reflector ih which 
reflection modulation takes place by differential 
phase delays in ttie same (loop) path or In which 
10 the coupling ratio of tlie splitter Js m^^^^ to 
vary the reflected signal. 

•RefetTing now' to figure 5. ah'optical fibre laser 
comprises known erbium, doped silica optical fibre 
. 34 which fonrris the active jasing materia! of a 
ijs iasing Icavi^ dejRned .by a., wveiength, selective 
dichroic mirror 36 at one end of the fibre and a 
, interferometer according to. the. present invention 
spliced to tlie other .t>y fusion splice It is 
pumped by Mie laser pump 40 in a knqvfn irnanner. 
20 A controller 42 is used to control the piezo^lectro 
' stretcher 27 which can thereby be set to vary the 
reflectivity of tiie interferometer (as regards an op- 
tical signal entering^ port 1 .frorin the fibrf 34). 
Tlie prwent inventid^ is orcburee applicaW^ to - 
25 ottier .la^er arrangements Including buik optical la- 
sers. It is known that the optimujm output power qf 
a liiser depends on the refteidtivity pf its cavity 
minx)fs. The present invention can be used as ia 
variable reflectivity miffor to optimise the efficiency 
30 of Uie laser. The . speed of change of tiie reflectivity 
also allows It to be used as a reflectWe modulator 
for Q-switching a laser,; 

The reflected and transmitted portions of the 
Input optical signal vary periodically with frequen- 
35 cy. The present application can therefore' be 
as a frequency filter, for example to select (x^rtibns 
from a comb of frequencies. \ 

40 Clairna ' " ' • 

1. An interferometer comprising • 
an optical splitter haVing at least one input port ed 
two optical spntter output jjorts^^ 

45 ian optical combiner having two ppti<»d . 'to 
input ports arid two. output ports; - - ; 
a first and i second optical ami each optifca^^ 
coupling a respective' bne of optical "spll^ output 
ports with' brie' of the optibal' cbnibiner'" Input jSorts 

50 and'';' ' • ' • 

an adjustipent means fdr'chariging the optical path 
length of one arm relative to the other; ^ . ^ * 
chamc^rised in Including relaunching means for 
relaunching any optical signal output fibm either of 

66 ttie output ports into a respective one of the output 
ports:'- ■ ' • ■■ 
' 2. Ail Interferometer as claimed In claim 1 in 
which the optical splitter and opticial combiner are 
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optical waveguide coupiers and the arms are op- 
tical waveguides. 

3. An interferometer as claimed In claim 2 in 
which the relaunching means comprises an optical 
waveguide optically coupling the two optical com- s 
biner outputs. 

4. An interferometer as. claimed in claim 2 in 
which ^1 the optical waveguides comprise optical 
fibres. 

5. An interferometer as. claimed in. claim 4 in to 
which al[ the waveguides' are formed, from a single, 
optical fibre,.. . , , . .. 

6. A laser having at Jieast one end of lasing 
cavity defined by an intrerferorneter as claimed in 

any preceding claim. . . '® 

7. A laser as claimed in claim 6 In which the v. 
lasing cavity comprises an optical fibre lasing me- , 
dium and the interferometer is an all. fibre optical,. , . 
interferometer. 

ao 
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.© Acoustic transducing arrangements and methods. 

® Systems and methods are disclosed which pro- 
vide an eiectrtdally passive optically controlled 
acoustic transceiver system which measures the 
quantity of a liquid (20), such as aircraft fuel, in a 
tank (12). Pulsed electromagnetic radiation, such as 
nght or infra-red radiation, is guided through an 
optical fibre (34) and impinged upon a flexible mem- 
ber (30) adapted to flex when heated and transmit 
acoustic pulses. Ah optical fibre detector (34,42) is 
used to monitor the acoustic pulses reflected from 
the liquid level (22) In the tank (12). The system is 
electrically passive and does not require or use 
electrical power at the sensing location. 
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ACOUSTIC TRANSDUCiN<3 ARRANGEMENTS AND METHODS 



BACKGROUND OF THE INVENTION 



The Invention relates to electro-acoustic trans- 
ducing arrangements and nnethods, More particu- 
larly,: the invention provides electrically passive 
acoustic transmission and detection for liquid quan- 
tity gauging. Embodiments of the invention are 
useful for fuel quantity gauging in aircraft fuel 
tanks. 

US-PS-4 877 305 (Elfinger, assigned to Sim- 
monds Precision Products. Inc.) discloses an opto- 
acoustic fuel quantity gauging system which uses 
an electrically activated transducer. 

Brown. D.H.. "Liquid Level Measurement by 
Ultrasonic Ranging", Central Electricity Generating 
Board (London, Aug. 1976). discloses the concept 
of an ultrasonic ranging device for measuring tifie 
liquid level in a container. An ultrasonic pulse is 
propagated upwardly from the bottom of the con- 
tainer. The propagation tirhe between the genera- 
tion of the pulse and ttie reception of tiie reflected 
wave is indicative of ttie liquid level. US-PS-4 580 
448 (Skrgatic) discioses a system somewhat simi- 
lar to that of Brown and which uses an ultrasonic 
liquid level sensor in which an ultrasonic crystal 
transducer mounted exteriorly of tiie liquid con- 
tainer transmits a pulse tiirough the container wall 
and tiie liquid and detects ttie reflected wave to 
determine liquid level. ' 

US-PS-4 334 321 (Edelman) discloses an opto- 
iicouktic transducer by which power-modulated 
tight is transmitted through a fibre and absorbed to . 
generate heat which, in turn, effects expansion and 
contraction of tiie light guide to develop sound 
energy. The transducer is Indicated as providing an 
audio output of between 300 and 3300 Hz. 

EP-A-0 232 610 discloses a photothermal os* 
cillator force sensor which includes a beam' of 
silicon caused to resonate by impingement of light 
thereon.' 



SUMMARY OF THE INVENTION 



According to Uie invention, there is provided an 
electro-acoustic transducing an^gement, compris- 
ing a movable member, and characterised by an 
input device directing electromagnetic energy Irlto 
lirnpihgement on the movable member whereby to 
cause the member to move and emit acoustic 
energy, and an output device comprising a device 
carrying electromagnetic energy and subject to im- 
pingement thereon of ttte emitted acoustic energy 



whereby to cause modulation of ttie carried elec- 
tromagnetic radiation. - ' 

According to ttie invention, ttiere is also pro- 
vided an optically controlled acoustic transmission 

5 and reception system, characterised by a tank, an 
electrically passive acoustic traihsmitter controlled 
by electromaignetic radiation, an acoustic receiver, 
a source of electromagnetic radiation, a first optical 
fibre. Uie first optiqal fibre being connected to 

to transmit electromagnetic radiation from the source 
ttiereof to the transmitter which converts electro- 
magnetic radiation Into emitted acoustic energy, 
the transmitter being positioned to emit the acous- 
: tic energy into the tank, the acoustic receiver being 

;g positioned to receive the acoustic energy emitted 
by the transmitter and to produce a corresponding 
output 

According to the invention, there is furtiier pro- 
vided an acoustic transducing mett^od. characteris- 

20 ed by tiie steps of impinging electromagnetic radi- 
atioh on an input movable member so as to cause 
the member to move and emit acoustic energy, 
and causing ttie emitted, acoustic energy to . Im- 
pinge on an output movable member and thereby 

25 cause modulation of furttier electromagnetic en- 

According to tine invention, ttiere is still.further 
provided a mettiod of ernitting acoustic waves Into 
a liquid enclosed by a tank, characterised , by the 

30 step 9f feeding electromagnetic radiation ttirough 
an/optical fibre into impingement on a flexible 
member mounted witiiin ttie liquid so as to vibrate 

. . in response thereto and emit acoustic waves into 
ttiellquid, 

35 in embpdlmehts of ttie invention, an electrically 
passive optically controlled acoustic b-ansceiver 
system measures ttie quantity of a •Iquid, suc^ as 
aircraft fuel, in a tank. Pulsed electromagnetic jaidi- 
ation, such as light or ihfrareid i^iatibn. is guided 

40 through an optical, fibre and impinged upon a flexi- 
ble rhember idapted to. flex J when heated and 
transmit acbiistic pulses. An optical fibre detector 
is used to mbhitbr the acoustic pulses reflect^ 
from the liquid level tri a fuel tank. The system is 

45 electrically passive and does not rjsquire or use 
electrical pdwer at ttie sensing location! . 
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DESCRIPTION OF THE DRAWINGS 



Optically controlled acoustic transmission and 
detection systems and m'ettiods according' to ttie 
invention* for fuel quantity gauging will nbw 'be 
described, by' way of example only, witti refererice 



2 



to the accompanying drawi^^ln which:- 

Rgure 1 Is a schematic representation of 

one of the systems: and 

Rgure 2 Is a schematic representation of 

another of the systems. 

DESCRIPTION OF PREFERRED EMBODIMENTS 



In an embodiment of the invention to t>e de* 
scribed in more detail, an electrically passive opti- 
cally controlled acoustic transceiver system is pro- 
vided which measures the quantity of a liquid, such 
as aircraft fuel, in a tanic Pulsed electromagnetic 

\fadiaflon, such as. light or infrared radiation, is 
guided through an optical fibre and Impinged upon 
a flexible member of an opto-acoustic transducer. 
The flexible member Is adapted to flex when heat- 
ed. The energy of each pulse of electro*magnetic 
radiation is rapidly absorbed as heat by the flexible 

' member. Preferably, the flexible member is a thin 
semispherical shaped black-coated metal member 
supported to allow it to flex when heated by the 
pulses of electromagnetic radiation. Each flexing of 
the metal member initiates an acoustic pulse which 
is directed to travel through a liquid to an air^tquid 
interface from which a reflected acoustic pulse 
re'tums through the liquid to a monitoring optical 
fibre. The monitoring optical fibre directs light (or 
infrared radiation) to a detector. The travel time of 
each of the acoustic pulses to and from ttie liquid- 
air interface is measured by monitoring the time 

. between initiating the acoustic pulse and detecting 
die return of ttte reflected acoustic pulse. The 
return of the reflected acoustic pulse is detected as 
a change In Hio properties of tiie transmitted light 
or infrared radiation. 

With more particular reference to Rgure 1, an 
electrically passive opto-acoustic liquid quantity 
gauging system 10 for an aircraft is shown. The 
electrically passive acoustic fuel quantity gauging 
system shown generally at 10 Includes a tank 12 
which supports ah acoustic source 14 and an 
acoustic diatector 16. and encloses liquid fuel 20. 
The source 14 transmits acoustic output pulses 18 
through still fusil 20' enclosed by stillwell 26 to ttie 
liquid-air interface 22 from which acoustic reflection 
pulses 24 are reflected to acoustic detector 16. The 
stillwell '26 is supported by ttie tank 12 so that the 
pulses 18 and 24 travel ttirough still fuel 20^ which 
is less turbulent In flight tiian Is the portion of hiei 
20 which is outside of the stillwell 26. Stiilwell 26 
'Supports reference reflector 26'. Fuel flows freely 
Into and out of the stillwell 26 tiirough aperture 28. 
' The source 14 preferably includes a riftetal 
^member 30 having a rounded or semispherical 
(concave or convex) shape supported to allow flex- 



ion of Uie roundnFportion. Preferably, at least a 
portion of tiie surface of tiie metal member 30 Is 
nonireflective and black. Optical pulser 32. pulses 
high intensity light ttirough optical fibre 34 to ttie 
6 plate 30 which rapidly flexes tt^ereby transmitting 
acoustic pulses 18- The jpiilser 32 is preferably a 
pulsed laser/ pulsed laser diode, Q-switched laser 
or optically pumped Q-switched laser; - 

The bptical source 36 transmits light through 
10 ' optibal fibre 38 to acoiiaic detectdr le.'-RBflected 
acoustic pulses 24' Impinge upon detector 16. The 
detector' 16 Is preferably a lboi> 40 in optical fibre 
38, The fibre 38 may be a single mode or mul- 
timode optical fibre. The output portion 42 of fibre 
75 38 channels' ttie light to optical detector 44. The 
optical fibre 34, 38 and 42 extend ttirough connec- 
tors 38 and 38' and are protected by shielding 38. 
Detector 44 is connected to sighal conditioning 
electronics 46 by electrical conductor 48. Signal 
20 conditioning electronics 46 is connected by elec- 
trical conductor 50 to the optical pulsor 32. 

Opto-acoustic signal conditioner 58 includes 
pulser source 36, detector 44 arid signal condition- 
ing electronics 46. Signal conditioning electronics 
2S 46 includes analog to digital (A/D) converter 60 
which is connected by electrical conductor 48 to 
detector 44, and by electrical conductor. 62 to 
microprocessor 64. Microprocessor 64 sends and 
receives signals from memory 68 ttirough electrical 
30 conductor 66. 

Microprocessor 64 sends digital signal through 
conductor 70 to D/A converter 72.. p/A converter 72 
. sends analog signals ttirough electrical conductor 
74 to display 76. Power supply 78 supplies eiec- 
38 trical power ttirough. electrical, conductor .80 to dis- 
play 76. Power supply 78 supplies electrical^ pjower 
through electrical conductor 82 to optical ^)ulser 32. 
Electrical conductor 84 is connected t6 power sup- 
ply 78 which supplies electrical power to optical 
40 source 36. Power supply 78 supplies electrical 
power ttirough electrical conductor 86 to A/D con- 
verter 60 and to the other components of sigrial 
conditioner 58 ttirough connections not shown. 
By detecting and . Indicating changes in ttie 
45 light signal from tiie opticail source 36. ttie return of 
ttie reflectioh pulses is detected and used to in- 
dic^e ttie quantity of fuel in tank 12. The d(9tector 
44. which is preferably a photodetector. receives 
electromagnetic radiation, such as light, from the 
50 output portion 42 of optical fibre 38. It will be 
understood tiiat any type of physical moveiment of 
the optical fibre 38, siich as' slight bending! In 
response to Impact of the reflected acoustic pulses, 
will have an effect upbn ttie light transniitted ttiere^ 
55 through. Various parametersf (or properties) of the 
light can be detected, such as back scattering 
Sites, discontinuities, attenuation, and the' like, the 
movement of the optical fibre caused by the impact 
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of tho returning acoustic waves (reflection pulses) 
causes changes In the properties of the light signal 
travelling within the optical fibre. Such changes in 
the properties of the light in the output portion of 
optical fibre 42 form optical information whibh is 5 
converted to electrical digital form in A/D converter ; 
60 and fed into the microprocessor 64. The fuel 
quantity in tank 12 is determined in microprocessor 
64 and signals representative of fuel quantity are 
displayed by display 70. The microprocessor 64 w 
may send further signals to the optical pulser 32 to 
control the starting time of the acoustic wave 
pulses 18. 

In order to canv out the level measurement, it 
is necessary to know the speed of sound in the is 
fuel. Therefore, the time required for an acoustic 
wave pulse to travel to; the reflector 26' (a kriown , . 
distance) and be reflected therefrom and travel to 
the receiver (a known distance) is measured. The 
time required for an acoustic wave pulse to travel 20 
to and be reflected frorri the upper surface of the 
fuel Is then measured. The level of the liquid is 
^hen accurately determined using the speed of 
sourid iif) the fuel and the tirne required for the 
' acoustic wave pulse to travel to and from the upper 25 
surface of the fuel. The fuel quantity and density 
are inferred from inforrhaUon srtored in memory 68 
about the volume of the tank 12 when filled to 
several levels and the speed of sound in the fuel 
and the speed of sound |n the fuel determined from so 
the measurement of the time for sound to travel the 
knov/n distance to and frofrv the reference reflector 
all as disclosed In 4bove-mentioned US-P&4 677 
305. the disclosure of which is herein incorporated 
by reference in its entirety. ss 

With more particular referertce to Figure 2, an 
electrically passive opto^acoustic liquid quantity 
gauging system 110 is shown. The electrically pas- 
sive acoustic fuel quantity gauging system 110 
includes a tank 112 which supports acoustic source 40 
114 and an acoustic detector 116. The acoustic 
source 114 transmits acouistic output pulses 118 
tiirough'the portion 120' of liquid fuel 120 enclosed 
by stillwell 126 to the liquid-air interface 122. from 
Which acoustic reflection pulses 124 are reflected 45 
to acoustic detector 116'. The stiliwetl 1261 is sup^ 
ported by the tank 112 so that the pulses IliS ^d 
'124 travel through fuel 120' which is less turbulerit 
in flight than is fuel 120 Which is outside of the 
atillWell 126. Stillwell 126 supports reference reflec* so 
tor 126'. Fuel flows freely into and out of the 
stillwell 126 through aperture 128. 

the source 114 preferably Includes a metal 
itiember 130 having a rounded or semlsphericaJ 
(concave or convex) shape supported to allow flex* 66 
Ion of the rounded portion. Preferably, at least a 
portion of tf>e surface of the metal member 130 is 
"nonreflectlve and black. Optical pulser 132 pulses 



high intensity light through optical fibre 134 to the 
plate 130 which rapidly flexes thereby transmitting 
acoustic pulses 118. The pulser 132 is preferably a 
pulsed laser, pulsed iasei" diode, Q-switched laser 
5 or optically pumped Q-switched laser. ; . 

The optical source 136 transmits light through 
optical fibVe 138 to acoustic detector 116. Reflected 
acoustic pulses 124 impinge upon detector 116. 
The detector 116 is preferably a loop 140 in optical 
10 fibre 138. The fibre 138 may be a single mode or 
muWmode. The output portion 142 of fibre 136 
channels the light to optical detector 144. The 
optical fibre 134, 138 and 142 extend through con- 
nectors 139' and 139^' and are protected by shield- 
76 ing 139. Oeitectoi: 144 is connected to signal con- 
ditioning electronics. 146 by electrical coriductor 
148. Signal conditioning electronics 14i6 is con- 
nected by elisctrical conductor 150 to high intensity , 
optical pulser 132. Opto-acoustic signal conditioner 
20 158 includes pulser source 136, detector 144 and 
signal conditioning electronics 146. Signal condi- 
tioning electronics 146 includes analog to digital 
(A/D) converter 160 which is connected ^by, elec- 
trical conductor 148 to detector 144, and by elec- 
25 trical conductor 162 to microprocessor 164. Micro- 
processor 164 sends and. receives signals from 
memory 168 :through electrical conductor 166. 
Microprocessor 164 sends digital signal through 
conductor 170 to D/A converter 172. D/A converter 
30 172 sends analog signals through electrical cori- 
ductor 174 to display 176. Power supply 178 sup- 
plies electrical current through etectrical Conductor 
160 to display 176. Power supply 178 siipplies 
electrical current through electrical conductor 182 • 
05 to optical pulser 132. Power supply 178 Is con- 
riected through electrical conductor 184. to .pptical 
source 136 and through electrical conductor '1 86. tp 
A/D converter 169. . . v 
By de^ectihg and indlcatirig changes in .. the 
40 light signal from ^e optical source 136. the return 
of the reflectibn pulses Is detected and used to 
Indicate the quantity of fuel in tank 112 The optical 
detector 144, which is preferalDly a photodetectcr, 
receives electromagneiic radiation, such, as lijsht 
45 frorn the output portion 14i2 of ojptical fibre 138. As 
explained in relation. to Figure 1, any tyjpe of phys- 
ical movement of . the dptical fibre 138. such as* 
slight bending, will have ah eiffect upon the iight 
transmitted therethrough. Various parameters (or 
so properties) of the light cari be detected, such as ' 
back scattering sites, discontinuities, attenuation, 
and the like. Such effects oh the light in optical 
fibre 138 result from the physical movement of the 
reflected acoustic waves which impact on. and 
66 result in the movement , of, the optical fibre in 
acoustic detector 116. The optical irifonmation' is 
converted to digital form In A/D converter 160 and 
fed into the microprocessor 164. Fuel quantity 



measurement signals fron^l microprocessor 164 
are displayed by display 170. Movement of the 
acoustic detector 118 Is monltbred by following the 
corresponding changes In the parameters of the 
light passing through the fibre 138. which are de- 
tected by optical detector 144 and processed In 
.'ihe microprocessor .184. The microprocessor 164 
"may send further signals to the opttcal pulser 132 
jp control the starting time , of the iacoustic wave 
pulses 118, , 

the metal member. 130 In the acoustic source 
114 is an optical absorber which absortjs the erv^ 
ergy of the light pulses transmitted througjh the 
optical fibre 134 to the absorber from the optical 
pulsar 132. The optical energy is converted to heat 
in the absort)er which undergoes a rapid expansion 
to generate an acoustic wave pulse 118. The wave 
pulse li6 propagates upwardly to the surface of 
.the nquid and a reflected wave pulse 124 Is re- 
flected downward from tlie llquid-air Interface. The 
acoustic detectpr 118 (which may be a flbre-dptlc 
hydrophone) detelcts the reflected wave pulse 124. 
'^The. liquid level Is determined as a function of the 
^acotisSc ifiulse prdji^^ time in the mannisr ex* 
'plained in connection with Fig, 1 . 

The liquid level rnay be measured by detecting 
the change in the Intensity, of the light transmitted 
through fibre 138. Instead, the change In the po- 
larization state of the transmitted tight is monitored. 
Another possibility" is to use interferometrics. 

Tanks In which liquid quantity may be mea- 
sured using the systems disclose may be made of 
metal sheeting, polymeric (organic or Inorganic), 
composite or other suitable material. Prefenred or- 
ganic polymeric materials include thermoplastic 
and themnoset polymers. These materials may in- 
clude a matrix of metal, for example aluminium, 
thermoplastic such as polyetherether Icetone 
(PEEI9, thermoset polymer or ceramic. A prefenred 
composite structure Includes high strength fila- 
ments or fibres In a polymeric matrix such as a 
'crossiinl(ed epoxy or malelnide. 

EpoxV resins are well established for use In 
making high performance composite structures 
which Include high s^ 

Prefen^ fibre^ rnateriais are metal, glass, bo- 
bn. carljon. graphitb,' coiiitinuouis or chopped, or 
^ttie like, such as "disclosed In US-PS-4 856 208 
(Chu et al). SMictures made of tii'ese compositBs 
can wdgh considerably less than their metal coun- 
terparts of equivalent strisngth and stiffness. 
' The tanks may be fabricated as disclosed in 
US-PS-4 581 086 (GUI et al, assigned to Hercules 
Incorporated). Helical applicators may ! be used to 
deposit a ply or plies of continuous filaments irtto 
the fomi of the tank as disclosed In U^-PS-4 519 
869 (Qill et al, assignee. Hercules incorporated). 
Altetnativaly, multiphase epoxy thermosets having 
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rubber within a^Wperse phase may be used to 
make tanks, as disctosed in US-PS-4 680 078 
(Bard assigned to Hercules Incorporated). Optical 
fibres and transceivers may be embedded In or 
6 attached to these tanks during fabricationv Attach- 
ment to the tanks of the optical fibres transceivers 
after construction may be carried out using the 
same or a different ^trix material thari is used to 
^fabricate th& undertyln^^ 
10 ' ' OthW mafrbc compositions which may be used 
to nriake tani© include poiy;(aryl-abetylene) as dis- 
* closed iri U&'PS-4 070 333, US-PS-4 097 480, and 
US-PS-4 144 218! US-PS-4 658 208 discloses ther- 
mosetting epoxy resin compositions and thermo- 
15 sets therefrom. 



"Claims \ . ".• 

20 1. An electro-acoustic tranisdudhg an^uige- 
ment, comprising a rT\ovabib member {30;130), arid 
characterised by an input device (34;134) directing 
electrornagnetic energy into Jmplngernent on ttie 
riiovable nriember (3b:f30) whereby to cause fte 

25 merhber (30; 1 30) to move and ^mlt .a(^ustic en- 
ergy, and ari output device (16,116) comprising a 
device' (38,42) carrying electromagnetic energy and 
subject to impingenrient thereon of ,tiie emitted 
acoustic energy whereby to cause modMlation of 

30 the canied electromagnetic, radiati^ 

2. An arrangenr^ent according to cl^m 1, 
characteris;ed by jan irrterpps^d object (22;122) po- 
S[itioned to receive and affect die ^mitted acoustic 
energy whereby the said modulation, is a functipn 

3S of the affected acoustic energy. 

3. . An . arrangennent according to claim 2, 
characterised in that ttie interposed object Is ttie 
surface (22;122) of fiquld (20;120) contained in a 
tank (12:112) and In tiiat the Input and output 

40 means devices (34;134;38;42) are fixed in relation 
to the tank (12;1 i 2) whereby the said modulation is 
a function of the level of the liquid (20;12O) In the 
tank (12;112): ; . : , 

" 4.. Ari arrangement' according to . claim 3, 

48 characterised by signal prpcessiriig means (46;i48) 
resp|pnsive to the said ipodMlatio^^^ produce.; ^a 
corresponding electrtb^l sig operative in dial- 
penderice oh that' electrical . signal and . pn stored 
Inforrnation relating to the velocity of acoystic en- 

60 ergy within the liquid (20; 1 20) and physical dirpjan- 
islbn of the tenk (i2il20) to procfcce' an putp^q^^ 
correspofiding to ttie quantity of liquid in the tank. ' 

5. An ajrangemenV according to any preceding 
claim, characterised Iri tiiat the movable member 

65 corhpris^ a f le}dble nHerriber (3G;1 30) adapted to 
flex when heated, and in' that tite input eleptrbmag- 
hetic radiaition Is radiation adapted to' heat the 
flexible member (30;130) by impingement thereon. 



EP 0 360 449 A2 - / 10 



6. An arrangement according to claim 5, 
characterised in that the electromagnetic radiation 
is light or infra«red radiation. 

7. An arrangement according to claim 5 or 6, 
characterised in that the flexible member is a 
curved thin member (30;130) made of metal and 
treated to absorb heat 

8. An anrangement according to any preceding : 
claim,, characterised in that the input and output 
devices comprise^ respiective optical fibres 
(34;l34:38:42:r38;142) for conducting the electro- 
magnetic radiation. 

9. An optically controlled acoustic transmission / 
and reception system/ characterised by a tanic 
(I2;112)'-8n electrically passive acoustic transmitter 
(30;130) controllecl by electromagnetic radiation, an^ 
acoustic receiver {16;116). a source (32;1 32) of 
electromagnetic radiation, a first opttcal fibre 
(34;134), the first optical fibre {34;134) being con- 
nected to transmit electromagnetic radiation from 
the source (32:132) thereof to the transmitter 
(30:130) which converts electromagnetic radiation 
into emitted acoustic energy, the transmitter 
(30:130) being positioried to emit the acoustic en- 
ergy Into the acoustic receiver (16:116) being posi- 
tioned to receive the acoustic energy emitted by 
the transmitter (30;130) and to produce a dbf-' 
responding output 

10. A system according to claim 9, charac- 
terised in that the acoustic receiver (16;116) is 
electrically passive. 

11. A system according to claim 10, charac- 
. terised in that the acoustic receiver comprises a 

device (38:42:138;142). for causing modulation of 
electromagnetic radiation in dependence on the 
received acoustic energy, 

12. A system accorcfing to claim 11,. cliarac- 
terised in that the electromagnetic radiation whidh 
is modulated in der^ndence on the received 
acoustic energy is fed to the receiver from an 
electromagnetic source (36:136) by a second Op- 
tical fibre (38:138). 

13. A system aocording to any one of claims 9 
to '12, characterised in that the tank (12;112) con- 
tains liquid (20:120) arid iri that the acoustic energy 
(16:116) emitted by the transmitter (30:130) is re^ 
ceived by the recidiver (16;116) after reflection at 
the surface (22:122) of the liquid (20:120) and by 
signal procesising circuitry (46:146) responsive to 
the output from the receiver (16;116) for producing 
an indication of the quantity of liquid (20:120) in the 
tanic (12:112). 

14. A system according to claim 13, charac- 
terised In that Ihe liquid Is fuel (20;1 20). 

15. A system according to any one of claims 9 
to 14, characterised in that the acoustic transmitter 
tonhprises a flexible member (30:130) adapted to 
vibrate and thereby emit acoustic waves In re- 



sponse to impingement thereon of electromagnetic 
radiation In tiie first optical fibre (34;134). 

16. A system acconJing to any one of claims 9 
to IS. characterised in ttiat ttie electromagnetic 

s radiation is visible light. 

17. A system according to any one of blalms 9 
to 16, characterised in tiiat tiie electromagnetic 
radiation Is infra-red radiation. = ' 

18. A system according to claim 12, charac- 
10 terised in tiiat the electromagnetic radiation In the: 

first optical fibre (34:134) IMrlfra-red radiation and : 
tiie electromagnetic radiation in ttie second optical' - 
fibre (38;138) is visible light ' ; 

19. : An acbustic transducing mettiod, charac*- 
}S terised by the stePS of impinging electrorriagnetic 

radiation on an' input movable member (30:130) so 
as to cause tt^a member (30:1^0) to nriove and elmit 
acoustic energy, and causing tiie emitted acoustic *■ 
energy to impinge on ah output movable member 
20 (38:42:138:142) and thereby cause modulation of 
furtiier electromagnetic energy. 

20. A metiiod according to claim 19, charac- 
terised in that tiie impinging electronn;agnetic radi- 
ation is carried by a first optical fibre (34) into 

2S impingement witt) the, input movable member 
(30:l50) and tiie further Wectrbmagnetic radiatipri is 
canried by a second optical fibre (38:42; 138:1 4^) 
pkrt of which coristitutes the output movable mem- 
■ vber.-. . . 

00 21. A mettiod of ernitting acoustic waves into a 
liquid (20:120) enclosed by a tanl<,(12:ll2). charac- 
terised by the step of feeding electromagnetic radi- 
ation tfirbugh an optical fibre (34;134) into irnpinge- 
ment on a flexible member (30:130) mount^ within 

35 the liquid (2b; 120) so as to vibrate in response 
thereto and emit adoustic wiaves into , the liquid 
(20:120)., . ; '"'[".:.' -.'.^^v';. 

22. A rnett^qd according to cl^irn 21 / cfiaracr 
terised by the steps of detecting^ ti^^^^ 

40 wavers reflected from tiie surface (22; 122] of tjie 
liquid (20:1 20) to produce a resultant output signal, 
and determining from the otrtput sigriai tiie quantity 
of. liquid ;(ip:i 2Ci) in ttie tank (l 2:1 12) in depen- 
dence upon the tim^ of tfayel of ttie acoustic waves 

45 to and from ttie liquid surface (22:122) ttiis pre- 
determined speed of trahsmiissloh [ of acoustic 
waves within the liquid (20:112) and dimefisions of 
ttie tank (1 2;122). / 

23. A metiiod according to ciairn 22, charac- 
50 terised in tiiat ttie step of detecting the refiectcid 

acoustic waves corhprises the step of passing fur- 
' ther^electi^omagnetic radiation Uirough a movable 
member (38;42;138:1 42) positioned to receive Hhe 
reflected acoustic wavies which cause cbrresporid- 
55 ing modulation of the electromagnetic radlatibn; 

24. A method according to any <)ne of claims 
19 to 23. characterised In that tiie inip^ 

tiie further electromagnetic radiation Is visible light 
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25, A melKod accbrd^l^ any one of claims . * ' • 

19 to 23. charactefteed ln that the impinging and/or 
ttie further electromagnetic radiation is : 

radiation. . \ • ;. 



70 



IS 



20 



26 



90 



35 



40 



46 



SO 



55 



7 



